The South Pole Ice Core (SPICEcore), which spans the past 54,300 years, was drilled far from an 10 ice divide such that ice recovered at depth originated at a location upstream of the current core 11 site. If the climate is different upstream, the climate history recovered from the core will be a 12 combination of the upstream conditions advected to the core site and the temporal changes we 13 seek to recover. Here, we evaluate the impact of ice advection on two fundamental records from 14 SPICEcore: accumulation rate and water isotopes. We determined the past locations of ice 15 
Introduction 27
Ice cores provide unique and detailed records of past climate (e.g. Alley et al., 1993; Petit et al., 28 1999; NorthGRIP, 2004; Marcott et al., 2014) . Such records are most useful if they represent the 29 change in climate at a fixed geographic location and elevation. Two important non-climatic 30 influences on ice core records are changes in ice-sheet elevation (Vinther et al., 2009; Steig et al., 31 2001; Stenni et al., 2011; Parennin et al., 2007; Cuffey and Clow, 1997) and changes in the 32 location of ice origin due to flow (Whillans et al., 1984; Huybrechts et al., 2007; NEEM, 2013; 33 Steig et al., 2013; Koutnik et al., 2016) . Many ice cores are drilled near an ice divide to minimize 34 both of these effects: ice thickness changes less in the interior than on the margins (Cuffey and 35
Paterson, 2010) and there is little lateral ice flow near a divide. The change in ice thickness can 36 be evaluated with ice-flow models (Parrenin et al., 2007; Golledge et al., 2014; Briggs et al., 37 2014) or measurements from the ice core itself (Martinerie et al, 1994; Steig et al., 2001; Vinther 38 et al., 2009; Waddington et al., 2005; Price et al., 2007) . The focus of this work is the impact of 39 ice flow on the South Pole Ice Core (SPICEcore). We will use the term "advection impact" to 40 refer to the variations in the ice-core histories that are due to deposition upstream in different 41 climate conditions, as opposed to temporal changes in the climate at the ice-core site. 42
43
Ice cores are often drilled far enough from divides that lateral advection is important because of 44 site characteristics (NorthGRIP, 2004; EDML, EPICA 2006; WAIS Divide, Morse et al., 2005; 45 NEEM, 2013) , logistical considerations (Camp Century, Gow et al., 1968; Dye-3, Dansgaard et 46 al., 1969; Byrd, Hammer et al., 1980; Vostok, Lorius et al., 1985) , or concern about divide 47 migration over the drill site (Waddington et al., 2001) . The importance of advection on ice core 48 records depends on both the velocity of the ice and the gradient in the parameter of interest. For 49 well-mixed atmospheric gases, such as carbon dioxide and methane, there is no direct impact on 50 the histories. Instead, the affected histories are primarily those recovered from the ice phase: 51 accumulation rate, water isotopes, surface temperature, and aerosols. Of the cores that have been 52 drilled away from ice divides, the horizontal velocities range from approximately 1 m a -1
53
(EDML) to 12 m a -1 (Dye 3) and all require correction to obtain the climate history for a fixed 54 geographic location (Whillans et al., 1984; Steig et al., 2001; Huybrechts et al., 2007; Vinther et 55 al., 2009; NEEM, 2013; Steig et al., 2013; Koutnik et al., 2016) . 
Methods 91
To assess the impact of advection on the SPICEcore climate histories, we measured ice velocity, 92 accumulation rates, water isotopes, and firn temperatures in the upstream catchment. The surface 93 ice-flow velocities, inferred flowline, and spatial pattern of accumulation were described by 94 affects the derived accumulation rate history both through the inferred depth of the layer due to 122 the radar-wave propagation speed and through the conversion to ice-equivalent thickness. These 123 two uncertainties oppose each other but do not necessarily cancel. Using four additional density 124 profiles near South Pole, Lilien et al. (2018;  Figure S4 ) found the spread in accumulation has a 125 standard deviation of 2.3% for a layer at ~20m depth. Deeper layers have a smaller spread 126 because the density is most variable near the surface. All accumulation rates are given in m a -1 of 127 ice equivalent. 128
129

Water Isotopes 130
Water isotopes ratios of δ 18 O and δD were measured in cores of approximately 10 m depth at 131 12.5 km spacing along the flowline, as well as at two sites 15 km perpendicular to the flowline 132 50 km upstream of SPICEcore, for a total of 10 firn cores. We also report the deuterium excess, 133 using the log definition (dln; Markle et al., 2017) . The cores were sampled at 0.5 m intervals in 134 the field and allowed to melt in plastic bottles. The measurements were performed at the 135 University of Washington's Isolab with a Picarro L-2120i. The average δ
O and δD values (vs 136
Vienna Standard Mean Ocean Water) for each core are presented here. The cores were not dated 137 and thus the water isotopes cannot be averaged over the same ages; averaging using only the 138 upper 5 m for each core instead of the full core produced negligible differences. One outlier from 139 0.5-1 m depth at site 25km was excluded. 
Results
148
Gradients in Upstream Climate Parameters 149
Accumulation 150
The accumulation rate along the 100 km flowline for four different internal layers is shown in 151 where the layer was deposited on the surface. In Figure 2A Mean increase uses density profile from the core at 50km for all layers Minimum (maximum) increase uses density profile which yields the minimum (maximum) accumulation rate for the 0-151 interval and the density profile which yields the maximum (minimum) for the older layers. 
Water Isotopes 218
Measurements of water isotopes require the collection of ice samples and thus have much more 219 limited spatial resolution than the accumulation-rate measurements. There is considerable scatter 220 
Surface Temperature Gradient 247
The ~10 m temperatures are shown in Figure 6 . Unfortunately, a variety of differences in the 248 measurement procedure were made because of time constraints of the field work, and these 249 prevented a determination of the gradient in mean annual temperature. Based on cooling curves 250 (not shown) from two boreholes, measurements that equilibrated for less than 1.5 hours yielded 251 warmer temperatures that those left in boreholes for longer times, and we consider those 252 measurements less reliable. Measurements that were made after leaving the thermistors in the 253 boreholes for longer than six hours are consistent with a dry adiabatic lapse rate of 10°C km -1 , 254 but we cannot reject a wide range of other values for the lapse rate. 255 
Determination of Flowline Position and Age 264
The location where ice in SPICEcore fell on the surface is well constrained for the past 10 ka by 265
Lilien et al. (2018) . For ice older than 10 ka, the spatial variations in the accumulation rate 266 cannot be clearly correlated with the layer thickness variations in SPICEcore. This is likely 267 because: 1) uncertainty in the flowline position accumulates with distance (age); 2) the relative 268 uncertainty in the surface velocity increases as the velocity decreases with distance upstream; 3) 269 the surface-velocity measurement stakes are farther apart; and 4) the temporal variations in 270 accumulation are likely larger during the isotopic maximum at ~11 ka and the glacial-interglacial 271 transition (Veres et al., 2013; Fudge et al., 2016) . For ice in SPICEcore with ages older than 21.6 ka, no surface-velocity measurements exist to 294 help define where the ice originated. We examined the utility of the surface topography (Fretwell 295 et al., 2013) in defining the flow direction by tracking particles along the steepest descent. We 296 computed two flowlines, one stepping upstream from SPICEcore and the other stepping 297 downstream from the 10 ka location. They do not agree with each other or with the measured 298 flowline, which is not surprising given the limited data in the surface DEM and the convergent 299 flow. Thus, we cannot expect the surface topography to be useful in defining the x and y 300 components of the flowline beyond 100km. Therefore, we neglect variations in the direction of 301 flow and assume that the ice has flowed in a straight line from an ice divide (Figure 1 ). The 302 position of the ice divide is not well defined and we assume it is an additional 90km distant. We 303 also assume that the velocity decreases linearly from its value at 100km to zero at the divide, 304 which is equivalent to assuming a balance velocity in an ice sheet with uniform ice thickness and 305 accumulation rate and no convergence or divergence. These assumptions suggest the oldest 306
SPICEcore ice (54.3 ka) originated ~35km downstream from the assumed divide position. 307
308
Advection Impact 309
The advection impact on the SPICEcore accumulation-rate and water-isotope histories are quite 310 different from one another. The accumulation rate is sampled with high frequency but shows no 311 long-term trend with distance and elevation. The water isotopes, on the other hand, are sampled 312 infrequently but show a linear trend with distance and elevation. We discuss the advection 313 impact for the two separately. 314
315
Accumulation Rate 316
The lack of a linear trend in the accumulation rate along the flowline indicates that no trend 317 should be removed from the SPICEcore accumulation history. However, the variation in 318 accumulation upstream has a major impact on the SPICEcore history. Lilien et al. (2018) were 319 able to isolate the influence of km-scale upstream variability for the past 10 ka, which explains a 320 majority of the variance in the SPICEcore accumulation history. Thus, little of the variability in 321 the accumulation history for the past 10 ka is due to climate. While the residual variance of the 322 SPICEcore accumulation history (the accumulation history after removing the advection impact) 323 might reflect temporal changes in climate, the residual variance is also affected by multiple 324 sources of uncertainty such as the assumptions of a constant spatial pattern of accumulation, a 325 fixed flowline, a linear speed up, and a spatially homogeneous firn-density profile. These 326 uncertainties are sufficiently large and difficult to quantify that we do not interpret the residual as 327 a temporal history of accumulation. 328
329
Beyond 10 ka, it is important to understand the potential influences of spatial variations in order 330 to avoid erroneous conclusions about temporal variations in the accumulation rate over the past 331 55 ka. Since there is no overall trend, we are primarily interested in how the spatial variability 332 could be imprinted in the ice-core history. Spectral analysis shows that there is significant power 333 at a wavelength of 5 to 10 km. The temporal imprint of the spatial variations is then determined 334 by the ice-flow velocity, which is 4 m a -1 for ice of 10 ka age and decreases to 1 m a -1 for ice of 335 55 ka age. The timescales affected in the accumulation history are ~1 to 3 ka during the deglacial 336 transition (10-20 ka) and get longer, reaching 10 ka, for the oldest SPICEcore ice. The advection 337 impact on the deglacial transition may affect the specific timing of accumulation-rate change, but 338 not the overall temporal trend. For older ages, the advection impact has a similar timescale to 339 millennial-scale climate variations. We thus expect that the advection impact will decrease the 340 coherence between the accumulation-rate history and the temperature history inferred from water 341
isotopes. 342 343
Water Isotopes 344
The water isotopes are not sampled at a high enough spatial resolution to perform an analysis of 345 millennial-scale variations as was done for the accumulation rate; however, the δ 18 O and δD both 346
show linear trends with elevation and distance. Because δ 18 O and δD are similar, we will discuss 347 only the advection correction for δ 18 O in this section (both are provided in the supplemental 348 spreadsheet). A correction for advection becomes important, particularly for questions such as 349 the magnitude of the glacial-interglacial change. We use a linear fit to elevation data as the base 350 for the advection correction (Figure 7) . The linear fit is continued beyond 100km at the same 351 slope, reaching an elevation similar to the US-ITASE 07-04 core at 190km upstream of 352 SPICEcore. We use the linear fit to avoid meter-scale elevation variability being added through 353 the advection correction. 354
The advection correction reaches a maximum of -1.7‰ at 54 ka. A negative value indicates the 356 ice recovered in the core fell at a location where the water isotopes are more depleted than at 357
South Pole in the current climate. Thus, the SPICEcore ice at 54 ka would be 1.7‰ more 358 enriched if it had fallen at South Pole instead of ~150 km upstream at ~220 m higher elevation. 359
Because the elevation change is linear with distance, the curvature of the advection impact is 360 determined by the change in ice velocity and the advection impact increases the most rapidly at 361 the youngest ages. The difference over the Holocene (past 10 ka) is 0.7‰ while the difference 362 over the previous 10 ka (10 to 20 ka) is 0.36‰. The advection impact for the oldest ice is only 363 about 0.1‰ per 10 ka. Overall, the impact on the LGM-modern change is a little more than 1‰ 364 compared to modern, although only about 0.6‰ compared to mid-Holocene values (i.e. 5 ka). 365 366 367 (Steig et al., in prep.) . 379
Accounting for advection reduces the fixed-location glacial-interglacial change to 5‰. 380
Advection has the opposite impact at WDC, where advection increases the glacial-interglacial 381 change by 1‰ (Steig et al., 2013) , to 8‰. Understanding the advection impact is important for 382 comparing the magnitude of isotopic change among Antarctic ice cores; WDC has a 1‰ greater 383
LGM-modern change than SPICEcore in the raw records, but a 3‰ greater change after 384 accounting for advection. Because SPICEcore and WDC have similar source regions and 385 distillation pathways (e.g. Sodemann and Stohl, 2009) , the difference between the two cores has 386 the potential to yield insight into relative elevation change between the West and East Antarctic 387 ice sheets. A full interpretation of relative isotopic change between SPICEcore and WDC is 388 beyond the scope of this paper, but the advection impact is a critical input for future analysis. 389
390
The advection impact on the accumulation history is distinct from that for the water isotopes. 391
There is no linear trend in accumulation in the upstream catchment, and thus no trend to remove 392 from the SPICEcore accumulation history. However, high spatial resolution of the modern 393 upstream accumulation pattern has revealed that the majority of the accumulation variability in 394 the past 10 ka (Lilien et al., 2018 ) is caused by advection and not temporal changes. While the 395 upstream pattern and SPICEcore history cannot be correlated for ages older than 10ka, the spatial 396 pattern is still expected to impact the accumulation history. The dominant timescales affected 397 increase from ~1 ka in the Holocene to ~10 ka at 50 ka age. These timescales are similar to that 398 of millennial climate change and thus, we expect that the coherence between isotopic and 399 accumulation records to be decreased. Overall, changes in accumulation of less than 20% on 400 millennial timescales should not be interpreted as a climate signal. 401
402
The different characters of the advection impact for water isotopes and accumulation arise 403 because there is no coherent relationship between water isotopes and accumulation rate. This 404 may be because the water isotopes are largely controlled by the condensation temperature 405 (Jouzel et al., 1997) , whereas the accumulation rate is affected by wind redistribution and the 406 local surface topography (Hamilton, 2004) . In fact, the curvature (second derivative) of the 407 elevation profile along the flowline explains a third of the variance in the modern spatial pattern 408 of accumulation, similar to areas in Greenland (Miege et al., 2013; Hawley et al., 2014) . 409
410
We could not determine the temperature lapse rate from our 10m borehole temperatures; 411 however, we can estimate the temperature impact of advection based on a dry adiabatic lapse rate 412 of 10°C km -1 , which is consistent with our measurements. The LGM ice fell at 150m higher 413 elevation and likely would be ~1.5° colder than if it had fallen at the current elevation of South 414
Pole. 415 416
Conclusion 417
The relatively fast ice speed at South Pole today causes ice at depth in SPICEcore to have 418 originated at elevations up to ~250m higher and at locations ~150 km away in the direction of 419 
